ALGORITHM T HEORETICAL BASIS DOCUMENT (ATBD)
for the

ENVIRONMENT DATA RECORD (EDR) ALGORITHM
of the

OZONE MAPPING AND PROFILER SUITE (OMPS)
LIMB PROFILER

NATIONAL POLAR -ORBITING OPERATIONAL ENVIRONMENTAL
SATELLITE SYSTEM (NPOESS) PROGRAM

Prepared by
Didier F. Rault, NASA Langley Research Center, Hampton, Virginia
Co-authors
Robert Loughman, Hampton University

Ghassan Taha, Science Systems and Applications Inc, Lanham, Maryland
Albert. J. Fleig, PITA Analytic Sciences, Bethesda Maryland



TABLE OF CONTENT S

List of Figures 4
List of Tables 7
1.0 INTRODUGCTION oottt ettt et e e e e et e et e et e e e st s s et e s ee b sneessans et et seeaneenananes 8.
1.1 OMPSMISSION OVERVIEW. OBJECTIVES AND SCOPE .. .cuuiitiiitiiiiiiitiettieemtassnsesnestnsssneesnssseessneens 10
1.2 OMPSMISSION DESCRIPTION. ..uuuitttituetutttesnsrmeessnesnessnetsneesnetta e sttt 10
1.3 OMPSMISSION REQUIREMENTSAND GOALS .....ivtniitteeetnteetaneeeemataesestnssetnesstnessanssaensesneessnseeransees 11
1.4 OMPS/LPSENSOR DESCRIPTION....cuuuuiiiietuusiestessusisaesessesssssesssesssssesssssmnnsssssseessssseesssrinr e 12
1.4.1 OMPS/LP sensor concept: The Limb Scatter method............ccccooevveeeiivii 12
1.4.2 OMPS/LP SeNSOr AeSCHPLION.......iiiiiiiiiiiiie et ceeeiees e e e e e e e e e et enmr e e s e e e e e e e e eeeeas 13
1.5 CONCEPT OF OPERATIONS .. ituittttntttatttn et ieeerenttatesaettattan et eessasansetnstsnsesnsttasrennerensesnsrrnres 16
1.5.1 Prelaunch calibration QataSELh........c.uuiiieuiiiiie i ieeme et e e reeee e e et e e e r e e eaaeesrnns 17
1.5.2 Spectral channel selection. Sample Table...........ccooiiiiieeee 17
I T 7 - 2] 16 T 1= 19
2.0 ALGORITHM OVE RVIEW ...ttt e e eee e s e s e s e e st e s s rma e e e aaas 20
0 R @ 1/ = = ¥ Y I I o0 ]\ =1 = S 20
2.2 OVERALL FLOWGCHART 1 tittttttittteettttsttetn et mseessasssneetasssaseta st amnssansstestsetesteetssnantasstsesneesnsesns 20
2.3 SENSORDATA RECORD(SDR)ALGORITHM ...cciciiiiiiiiiiiiiisieseeeseeesasaseeeaeeeeesessssnnnnnsmmnsssnnnnnaaeeaeaees 21
3.0 ENVIRONMENT DATA REC ORD (EDR) ...uutuiiiiiiiiiiiiiieiiiee ettt eae e e e e e e s s s eaaaaaeaae s 23
3.1 EDRALGORITHM OVERVIEW . .tuuiiuiitnittiien et tseeessnsesaestnssansetnsssnssmnesesnsstnstansetnssrnseensinnsnsetsernns 23
3.2 APPLICATION OF THE OFIMAL ESTIMATION METHOD TOOMPS/LP.......iieeiiieeee e 24
3.3 RADIATIVE TRANSFER(RT) FORWARD MODEL ANDINSTRUMENTMODEL (IM) ..cevvvieiiiiiiicie e 25
3.3.1 Radiative Transfer (RT) forward Mmodel..........ccoeeiiiiiiiiiniiieeee e 25
3.3.2 Instrument MOdel (IN.......cooiiii e e e s e e e e e anaer e e e aaaaas 26
3.4 OMPS/LPPRODUCTS RETRIEVAL SRATEGY. OVERALL ALGORITHM LAY OUT...cuuniiiinieiiinerieneerennnnns 27
3.5  OMPS/LPPRODUCT RETRIEVAL ....cituiittitetaettteesematas ettt eesasessansestassaeesesasssassetnesrernssssneeresns 28
3.5.1  SpeCtral regiStration.........ccoiviiiiiiiiii i e e e e e ree e e e e err e e 28
3.5.2 Tangent height regiStration............oouuiiiii e eee e 28
3.5.3  CloUd NBIGNL....cciiiiiiiee e e 29
TR A S U T = Yot cIE= 1] o <o [0 J T 30
R R T A =T (ot o W (=) £ 1SAVZ= TP 31
3.5.6  0Ozone pProfile retrEVAL...........uuiiiiii e e a e 33
3.5.7 Conversion of ozone density to 0Zone MIXiNg LatiO.............ovvvvviiviemmrereeeiees e e e e ee e 37
3.5.8  RESIAUAI ANAIYSIS. ...ceeeiiiiiiiiie et 37
B ST NS0 1 = T N 1N 37
3.7  EXTERNAL DYNAMIC DATA ¢ituieuittuttentetnsttnstansermee st tan et stsnstasesieentt st ssassnseeassensesasresnsssnssenses 38
LI = T I 7 7Y =YX =5 38
3.9  E DR ERROR ANALY SIS . i ttiituittteuetntsnesmaresaeesntsentesaeten e trnn.esastentetsttrtensetsierntsttereneenerans 38
3.10 EDROUTPUT DATA FILE FORVIAT AND CONTENT ..uuitiiiteiteeiteeteeeneenmteeterteenesnesnaessinenssesnnns 39
3.10.1 EDR HDF data file (structure and fields definition).............oooooiiiiiiic s 40
3.10.2 Diagnosis graphic fileS...... ... i i 43
4.0 ALGORITHM TESTING AN D PERFORMANCE ...t eenn . AD
4.1 TESTING METHODOLOGY ..uitttituittttnetntsnsrmeeesaessntesnestnessnesn anssttaetsnsetettesaesteennternesnieennees 45
4.2 EDRALGORITHM PERFORMANCE ......cciteuttnneereetsneesieeneesssnsesssstaneessssanimsassessestansessesssnseesesrmnnsenns 45
4.2.1  Algorithm testing with SYNthetiC data...........uuuiiiiiiiiiiicccie e 45
4.2.2  Algorithm testing with proxy data..........cceeeeeeeiiiiiiicce e 51
4.3 END-TOEND TESTING....cuutiituiiitnieeeteseteeeeeeteeeaaa e s et esata s emmta e s ean e sasaseraneesansaeeestnseernseranneeeen 56
4.3.1 Testing methodolgg(Endto-end testing chain)............ccooooiiiiiiiiiccc e, 56

4.3.2  ENAHO-end teStING MESUIS......eiiiiiiiiiieeeee e 57



5.0 ACCURACY AND PRECISION....cciviiiiiiiiiiiiiienccinen e 60

5.1 ACCURACY OF OZONE PREBILE RETRIEVALS . ...uuiittiiitieeieteeeetieeee st ee st eeeansessnnsesbmnnsessennesssneesennss 60
5.2 PRECISION OF OZONE PRFILE RETRIEVALS ... ccuuiitiitiiiiiiitieitiirmnteesnissniesnessnsssneesninsnsnessnsesneesnessnssd 63
5.3 POINTING ACCURACY AND PRECISION ALLOCATIONS. .. .cuuittiitniitniitniitneirmnestnessneesnestneeanssseeentessnns 65
5.4  PROFILE LONG TERM STABILITY tuituuiittiiteitetteeussnnesssessesusssssnessnsiennsssssesnestsieseestssnimensseen. 65
LS = ot L N[O T 67
F N N1 T G A 72
F N = N1 TG = T 75
B.1 FORWARD MODEL ON UNSTRUCTURED GRID.....uiitttiirtteitineeettieeeseetnseesanesssnssssnesssnnnssssnneesennes 75
B.2 RETRIEVAL ALGORITHM METHODOLOGY ....cuuuiiiuttiittnieetieesimaseessanssstassstnssssnssseemssnessesseessnsesssneerenns 76

B.2.1 SPECIrAl rEQISIIAtIONL....ceiiiiiiiiiiie ettt e ettt e e e et e e e e s e e e enb e e e e e e nneees 77

B.2.2 SUIMACE BIBUO. ....cuniiieeieie ettt e et e e et s e e emt e e s et e e eaa e s et e e s asaeaeeesaasessansasansaesanseeen 77
B.2.3RAYLEIGH SCATTERING ATTITUDE SENSOR(RSAS .....iiiiiiiiiiiiiiiie e eireee et e e 78
B.2.4CLOUD TOP HEIGHT . ituittituietttttttetn et meessasssaeesnssassesaesta s semnssssa e sassaseansesnssansaemtasesnsstnssensesnssrnnes 78
B2 S AEROSOL RETRIEVAL ...ittiitniitiitettetteimmtsestssassssesnessnssnssrnnsessnsssnsesnsstnsesnsessimnntesssnsesnsersernesnsd 8
B2 60 Z0ONE RETRIEVAL. . ituiituiitttitnettnettnesrmeestettesaestestsetssnnsestesasstestasstssseenntsessesssiesneesneesnrenns 80
B.3 PERFORMANCE OF DOE ALGORITHM oenii et eeees e 80
B.3.1DOETESTING WITH GRIDDEDDATA . .tutttttttittttttteetnetsiaeetssesneststsnestnettnsrmesneetnersrerettneeserrnn 81

APPENDIX C. OMPS/LP INSTRUMENT ...oiiiiiiiiiiiie ettt 84



LIST OF FIGURES

Figure - 1.OMPS i nstruments: TC, NP and LP sensors.
through three thin vertical slits (about 110 km high) in the spacecraft aft direction. (Courtesy of

Figure 1-2 lllustration of the LS viewing geometry. The atmosphere scatters sunlight into the
line of sight (LOS) thru molecular (Rayleigh) and aerosol scattering and cloud/surface reflection.

Figure 1-3. OMPS/LP dispersion characteristics. The prism allows for variable spectral
resolution, from 1 nm in the UltraViolet to 25 nm in near InfraRed...............ccccvvieeeiinnens 14
Figure 1-4. OMPS/LP CCD array layout. The three slits are imaged onto a single 740x340 CCD
array. Dark vertical lines represent the downlinked pixels. UV and visible filters are used to

reduce crosshannel straylight. (Courtesy of BATC)....cuviiiiiiiiiiiiiiiiieeeeeeeeeeeeee e 15
Figure 1-5. OMPS/LP sensor Signal to Noise Ratio at short and long integration times..16
Figure 2-1. SDR + EDR fIOWCNAIT.........ccooiiiiii e 21

Figure 3-1. Computational grid sampling (in nm) compared to ozone €esgon sampling

(green lines) and OMPS instrument pixel FWHM values (red lines), for UV wavelengths (left
panel) and visible walengths (right panel). The solar irradiance and single scattering sampling
are shown as cyan and blue lines, respectively. Vertical pink lines indicate wavelengths at which
multiple scattering calculations are made............c..oooviiiieee e 26

Figure 3-2. Typical Sample Table of downlinked CCD pixels. Each colored area represents sets
of downloaded pixels. Long horizontal rows of pixels are used for wavelength registration. Long
column of pixels are used for TH H8TaAtON...........coorriiiiiiiiiceee e 28

Figure 3-3. SAGE Ill LS vertical radiance profile. Tropospheric clouds appear as sharp
discontinuities. Stratospheric aerosol and PSCs appear as broad scattering features. Color
profiles correspond to a series of wavelengths from 320 to 940.nm................ovvieeeeeeen.. 30

Figure 3-4. The ratio of the measured LS radiance to the model radiances calculated for an
aerosoffree atmosphere atthke r i ved ef fecti ve Lambertian surf
can also be observed at 10km, just below the tropopause. [Rault and Loughman,.200731

Figure 3-5. Sensitivity of limb radiancéo stratospheric aerosol. Sensitivity is defined as the
maximum change [%] of limb radiance due to 1 percent change in aerosol extinction. Aerosol
retrieval is not attempted in the region corresponding to sensitivities lower than 0.04....31

Figure 3-6. Cost function minima to retrieve moment of size distributian....................... 33

Figure 3-7. Relative sensitivity of radiance at 305 nm (left paaekl 600 nm (right panel) to

ozone perturbations. Each curve shows the sensitivity of the radiance at a given tangent height
to ozone perturbations of akin layer at a range of altitudes...............ccccoeeiiiieeeni i, 34

Figure 3-8. Sensitivity of limb radiance to ozone. Sensitivity is defined as the maximum change
[%] of limb radiance due to 1% change in ozone density. Results are shown for a typical set of
OMPS/LP WaVEIENGINS ......euiiiiiiiiiiiiiii e 35

Figure 3-9. Summary plot of the percent difference for all retrieved ozone profiles for the 450
simulated radiances, red is for visible, and blue is for UV retrievals. The left panel shows the
mean bias, while the right panel shalws ensemble standard deioa, with dash lines

representing the retrieVala UNCErtainty ...........covvvvveeeviiiiiiiemmee e 39
Figure 3-10. OMPS/LP graphical diagnosis. Such plots will be used to diagnose the retrieval
ProCeSS fOr @AaCN LS EVENL.........uiiiiiiiiie et eeeer s e e e e e e e e e e e e eensnnneaeeeeesd 43



Figure 3-11.Curtain file of ozone density profiles for one orbit. Each retrieved vertical profile
(every 19 seconds) is plotted contiguously to assess retrieval quality..................c.cccee..... 44
Figure 4-1. Computational grid sampling (in nm) used to generate synthetic data, compared to
ozone crossection sampling and OMPS instrument characteristics, for UV wavelengths (left
panel) and visible waveletigs (right panel). Color scheme is identical to Figude.3..........46
Figure 4-2. Testing ozone retrieval algorithm. Red and green lines refer to Hattiggins and
Chappuis band retrievals, respeely. Grey shaded zones indicate the retrieval luncer t ai nt
.......................................................................................................................................... 46
Figure 4-3. Geolocation for 450 LS events dataserl.............uuvveeieiiieemiiiiiiiiiiiiieeeeeeeeeeee e 47
Figure 44. Distribution of the solar zenith angle vs. latitude for the 450 LS event datasé8.
Figure 4-5. Effective scene albedo histogram obtained with the 450 LS events ensembi9
Figure 4-6. Tangent height registration RSAS offset histogram obtained with the 450 LS events
=T RS =T 0] o] =SSR 49
Figure 4-7. Aerosol extinctbn profile retrievalMean biases are represented by solid lines,
ensemble standard deviation by dashed lines. Blue correspond to 1006 nm, green to 746 nm, and
=70 IR (o TR IS o1 o o PP PP PPPUPUPPPPPPR 50
Figure 4-8. Summary plot of the percent difference for all retrieved ozone profiles for the 450
simulated radiances, red is for visible, and blue is for UV retrievals. The left panel shows the
mean bias, while the right panel shows the ensemble standard deviatictastitines

representing the retrievalc Uncertainty ..............oovviiiiiiiiiiimmmee e e 50
Figure 4-9. Geolocation for OSIRIS events used for OMPS ProXy......cccccccveeeeiiiiiicaceennn. 52
Figure 4-10. Distribution of the solar zenith angle vs. latitude for the OSIRIS dataset....52
Figure 4-11. Testing ozone and aerosol algorithms with OSIRIS proxy data. Comparison with
coincident &GE Il occultation measurements. Individual retrieved profiles are shown in color,

whereas SAGE Il products are shown in black. [Bourassa,2QQ8]...............ceeeveeeecuvvennee. 53
Figure 4-12. Testing ozone algorithm with @IS proxy data. Comparison with coincident

SAGE Il occultation measurements. Statistics over 200 events. [Bourassa,2008].......... 53
Figure 4-13. Gealocation forSCIAMACHY dataset used for OMPS pROX............vvvvvennnn. 54

Figure 4-14. Distribution of the solar zenith angle vs. latitude for the SCIAMACHY datasét
Figure 4-15. Testing ozon@nd aerosol algorithms with SCIAMACHY proxy data. Comparison
with coincident SAGE Il occultation measurements. Individual retrieved profiles are shown in

color, whereas SAGE Il products are shown in black................cooomiiiiiii e 55
Figure 4-16. Testing ozone algorithm with SCIAMACHY proxy data. Comparison with
coincident SAGE Il occultation measurements. Statistics over 120 events.................... 56

Figure 4-17.Endto-end testing chain. Synthetic CCD maps are simulated using the RT forward
model (to generate limb radiances) and the Instrument Model. The CCD map pixel data is then
preprocessed (straylight mitigation and gain consolidation) before EDR retrieval........... 57
Figure 4-18. Tangent height registration offset histograms for each.slit.......................... 57
Figure 4-19.0zone retrieval for each slit. Left panetpresent the mean biases and right panels
represent the standard deviation and retrieva
retrieval and blue to the Hartldyuggins retrieval UV retrievals.............ccccoeeeeiiiiieeeeeeeeeenn. 58
Figure 4-20. Aerosol extinction retrieval for each slit. Solid lines correspond to mean biases and
dashed lines to ensemble standard deviation. Blue refers to 746 nm and red t0.513.nnh9
Figure 5-1. Geclocations of tangent point (TH=25km) for OMPS/LP over a 5 days period. Each
color represents a day, respectively blue, green, red, yellow, and purple for days 1 to 5. Tracks
are Shown fOr the 3 SIS, ..o e 64



Figure A-1. Multiple Linear Regression on CCD array.Technique is applied consecutively on

individual rows of pixels, for each gain and each.slif.................iicecriiieiiii e 72
Figure A-2. MLR effective column density. Left panel corresponds to Hartley/Huggins bands,
whereas right panel corresponds to Chappuis band.............ccovveeer e, 74

Figure A-3. Retrieved ozone awsity profile using MLR. Left panel corresponds to
Hartley/Huggins bands, whereas right panel corresponds to Chappuis band. Black lines

represents-ariori 0Z0Ne Profile..... ... e 74
Figure B-1. Limb radiance geometry. Evaluation of radiances and radiance partial derivédives
Figure B-2. CCD array layout showing pixel regions used for each retrieval................... 77
Figure B-3. Angstrom coefficients for a set of umodal lognormal size distribution parameters
meanradiusRanand variance 0. Mi crophysics....up/f@at e
Figure B-4. Tangent height registration histogram for 450 simulated LS events. Mean offset =
120m, Ensemble standard deviation = 1750 ......couuiiieeiie e e e 81

Figure B-5. (Left and center frames) Ozone retrieval statistical performance for 450 simulated
limb scatter events. (Right frame) Aerosol retrieval statistical performance for 100 simulated

[IMD SCALIET VENIS......uiiiiiiiiiiiiiiii ettt e et e e e e e e e e e e e e e e e s s e s s s simmne e e e e e e e e e s e nnnnns 82
Figure B-6. Ozone retrieval with DOE for Slit 1. (UV retrieval uses High/Low gains at long
integration time. Visible retrieval uses all
UNCEITAUINTY. ...ttt ettt ettt e e e e e e e e e e e e e st e e e e e e e e e e e e e s s e b s nnee s e e e s e nseebbbeneeseesennas 83
Figure B-7. Ozone retrieval with DOE for Slit 2. (UV retrieval uses High/Low gains at long
integration time. Visible retrieval wuses al/|l
(U To=T =11 | Y/ PSSP 83

Figure C-8. Schematic representation of instrument slit function. The near Gaussian core is
typically asymmetric. The wings are due to optical imperfections and ghosts are due to internal
(1] L= o3 1 0] o F= SR 84
Figure C-9. PSFs approximate representation. Pixel layering concept...............oeeeeeeees 85
Figure C-10.Bilinear interpolation for PSF. Red squaresate the location of the 108 PSF
measurements. The color contours show a sample of the bilinear coefficients used for the

interpolation Of PSF and ghOSES........coouiiiiiiiiiiiiieeeiiie e e e e e e e e e e e e e e e e 85
Figure C-11.Variable resolutiolPSF. Each color represents one of about 1000 PSF elements
within which PSF is assumed t0 be CONSIANL...........ccooiiiiiii i 86



LIST OF TABL ES

Table 1-1. OMPS/LP instrument specificatioasid requIremMentsS.........cccceeeeeeeeiniiiccceeeeeenn. 15
Table 1-2. OMPS/LP sensor calibration data Set...............eeeeviiiimeeiiviiiiiiiieiiiiieee e 17
Table 1-3. SAMPIE TaDIE......uuiiiiiiii e 18
Table 1-4. OMPS/LP sensor Data productS lISL..........ciieiiiieieeceeeciiee e eeeees e 19
Table 2-1. SDR/EDR INpUt/OULPUL fIlES......eeeeiiiiiieiiiie e 21
Table 3-1. Parameters for Doublet/Triplet constructian.................eeeiiiccceeeieeiiiiieeeee e 36
Table 3-2. Assumptions made in the EDR algorithmy................ooeviiiieeciiiiiiiiieeeeee 37
Table 33. EDR HDF fll@ CONENT.......ccviiiiiiiiiieeei e 40
Table 51. Sources Of 0ZONE Errors (ACCUIACY.).........ccouuurrrrrrimresanennnnrnneeeeeeeeeeeseaansesennes) 60
Table 5-2. Effect of algorithm and scengelated effects on ame retrieval accuracy [Larsen et
L2 00 PSPPI 61
Table 5-3. Effect of sensorelated parameters on ozone retrieval accuracy [Larsen et al., 2005]
.......................................................................................................................................... 62
Table 5-4. Effect of algorithm and sceneelated effects on ozone retrieval precision [Larsen et
Al., 2005 ] .. ittt e et e e e e e e e a——————tttaaaa e e e e e e e e e e e e aana———eaeeeeeeaaaaaannnnrrrrannnan 64

Table 55. Estimate of longerm stability uncertainty oazone profile [Larsen et al., 200566



1.0 INTRODUCTION

This document provides the physical theory and mathematical background undiadydgone
Mapping and Profiler Suite (OMP$)Limb Profiler (LP) retrieval algorithmdt describes the
Environmenal Data Record EDR) dgorithm, which generatescience datérom the calibrated

and spectrally/spatially registered radiance data produced by the Sensor Data Record (SDR)
algorithm This documenidentifies the sources of inpdata thaare required by the algorithms,

lists assumptionsgescribes thesSDR andEDR primary products as well aadditional by
products, details expected sensor and algorithm errors (accuracy and precision), and discusses
theperformance of the algahms

This document is subivided into 5 sections. Thelntroduction (Sectionl1.0) provides
information on the OMPS mission goals, objectives and requirements. The fundamental role of
the OMPS suite is to provide information the global distribution of ozone both in terms of
Total Column amount and vertical profiling. The requirements for the OMPS instrument have
changed as a consequence of tNenn McCurdy National PolatOrbiting Operational
Environnental Satellite System NDESS) project revision, with the OMPS/LP sensor being
downgraded to a A Res e ar-@aimchSdnsottestng. Tovetrieve ozorter e a m
vertical distribution, the OMPS/LP uses the Limb Scatter (LS) method, with the sensor designed
to view tre Earth limb through three narrow vertical slits, handling the wide dynamic range of
radiances with a combination of narrow/wide apertures and short/long integration times. The
Earth limb radiance data is imaged onto a single focal plane and recorded@ulienensional

Charge Coupled Device (CCD) array. By necessity, the OMPS/LP requires a relatively large
downlink data rate and the concept of operations for the instrument relies on optimizing the
downloaded information in the form of the Sample Table)(She primary output of the
OMPS/LPretrieval algorithm is the ozone density profile, while the secondary products include
the aerosol extinction profile, one moment of the aerosol size distributionlotin top height

and the effective surface albedo

Section2.0 outlines the overall structure of the OMPS/LP data process, with Raw Sensor Data
(RDR) being first processed by the SDR algorithm and subsequently by the EDR algorithm. The
SDR algorithm is described in a separatewment, namely the Algorithm Theoretical Basis
Documentfor the Sensor Data Recorflaross et al., 2010] Section3.0 describes the EDR

al gorithm. With consideration of the OMPS/ LF
corsequent limited sensor characterization, the selected approach for the EDR was to develop a
mainstream algorithm and a series of alternates. The mainstream algorithm is based on heritage
from previous LS missions, but requires extensive data preprocdesbeydone by the SDR

(such as twalimensional gridding and explicit gain consolidation). The alternative methods are
based either on spectral fitting (which has the potential of identifying instrument artifacts and
evaluating correction for these effeats)on the direct use of the large ensemble of radiance data
measured individually by each CCD array pixel. The mainstream algorithm, which will be relied
upon at least in the early phase ofabit operations, is described in the main body of this
documenm, whereas the two alternative algorithms are described in Apgendi and B The

EDR algorithms are based on the Optimal Estimation (OE) method to retrieve profile
information, and the specific application of the OE method to the OMPS/LP sensor ibatkscri

in Section3.2 The retrieval methodology basically compares measured data with the radiances



simulated with a forward model composed of (a) a Multiple Scatter (MS) Radiative Transfer
(RT) model and (b) an Instrument Mod#1). The ozone profile retrieval strategy consists of a
series of sequential steps. First, for each LS event, the spectral and spatial registrations are
checked or corrected using scene based methods. Second, a suite of secondary parameters (also
called htermediate Products or IP) are retrieved, such as surface albedo and aerosol extinction.
Finally, all the derived IP are used to extract ozone density profiles from the SDR calibrated
radiance data. At the conclusion of the retrieval process, a residalkis is performed by
comparing the spectral radiance data with the radiance simulated by the forward model which is
run using all the derived products. The assumptions made by the EDR are concerned with
simplifications made in the forward model RT aiMl The EDR data processing requires both
static and dynamic databasedhe static databasesclude the prdaunch sensor calibration
tables, a reference solar spectrum and spectroscopic data, whilntraic databasese SDR

HDF file and climatologyiles for ozone, NQ and aerosolThe retrieval uncertainties intrinsic to

the EDR algorithm may originate from either random noise or from offset biasgs (e
spectroscopic data, assumed NgPofile). The output of the EDR algorithm is written in three

sets of files, namely: an HDF formatted file containing the vertical profiles of ozone and aerosol
extinction as well as other intermediate parameters for all LS events occurring in one orbit, a set
of three diagnosis files which graphically shows the parémce of the retrieval process for each

LS event (one for each slit), and a set of three curtain files which shows the ozone profiles
retrieved for a whole orbit (one for each slit)

The performance of the SDR and EDR algorithms is described in Sddiiofhe performance

of the algorithms is analyzed in terms of code functionality and overall code accuracy. While the
former testing requires relatively simple testing datasets, the latter necessitates more elaborate
tools such s a detailed instrument model as well as a large ensemble of synthetic and proxy limb
scatter events encompassing a wide set of viewing conditions, atmospheric composition and
viewing scene characteristics. Codes are tested at three levels: module, lgditlena (both

SDR and EDR), and end to enck.,i SDR+EDR. For the latter level, a chain of codes was
assembled and linked together as a-onei t testing tool. Tthkd s t ool
chainbo i ncludes: ,(whigh simblages thebmbwadrartte fanmoadgivéen
atmosphere and viewing conditions, (2) a detailed instrument meldieh simulates the main
functions of the actual OMPS/LP sensor, including instrument effects such as straylight
contamination and spectral/radial smiles, (3) tmest critical SDR modules (straylight
mitigation, twedimensional gridding, gain consolidatipand (4) the complete EDR algorithm.

The performance of the SDR+EDR set of codes is statistically evaluated by passing large
simulated datasets through thetdAZ chain. Typical test datasets involve several hundred LS
events occurring over a wide range of gecations, seasons and corresponding to a broad
spectrum of viewing conditions.

The final section(Section5.0) is devoed to an endo-end error analysis for the SDR+EDR
series of codes. Thigrer analysiss complex as it involves the effect of a series of parameters

on the ozone density retrieval uncertainties. The analysis idigiged into errors affecting the
accurcy of the retrieval and errors affecting the precision of the retrievals. The analysis is based
partly on (1) earlier work performed by previous authors of the OMPS/LP algorithm and partly
on (2) recent results obtained using th&oAZ chain testing tool



1.1 OMPS missionoverview: objectives and scope

The OMPS suites an important component of the NPOE38gram OMPS is one of the five
instrumentgo be manifestedn the NPOESS Preparatory Project (NPP), whidtieduled to
be launched in 2011. TH@MPS dataset is aimed at building up Eresironmental [Ata Records
(EDRs) to describe the globalertical, horizontal and temporal distribution of ogoim the
Earth's atmosphere.

OMPS was conceivedGraf et al., 2000; Leitch et al., 2003nd built to dbw the scientific
community to continue the loAgrm record of ozone and aerosol measurements initiated more
than 30 years ago by tt&iratospheric Aerosol and Gas experim&AGE) family of sensors
[McCormick, 1989 Mauldin, 1998] the Total Ozone Mappg Spectrometer(TOMS)
[McPeters, 1991Jand theSolar BackscatteUltraviolet Instrument (SBUY[Heath et al. 1975
Frederick et al. 1986 Hilsenrath et al, 1995].

1.2 OMPS Mission description

The OMPS instrument was designed and built by Ball Aerespad Technology Corporation
(BATC) under contract from the Integrated Program Office (IPO). As describgedyloy et al.,

2007] and as shown ifrigure 1-1, OMPS is composed of three instruments, namely the Total
Column mapper (TC), the Nadir Profiler (NP) and the Limb Profiler (LH)ese three
instruments have heritage respectively from TOMS, SBUV and Shettle Ozone Limb
SoundingExperiment/ Limb Ozone Retrieval ExperimefSOLSE/LORE)[McPeters et a).
2000]. The nadir system has two focal planes; one operating from 300 to 380 nm for total
column ozone observations; the other operating at 250 to 310 nm for profile ozone observations.
The limb system has one fogallne operating from 290 t020nm for high \ertical resolution
profile ozone observations.

The first OMPS mission will be mounted on tiNPP satellite which will operate in a near
circular, sursynchronous orbit, wita 10:30am descendifgpde orbit at an altitude of 824 km
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Figure 1-1. OMPS i nstruments: TC, NP and LP sensors.
through three thin vertical slits (about 110 km high) in the spacecraft aft direction. (Courtesy of
BATC)

1.3 OMPS missionrequirements andgoals

The three OMPS sensar (NP, TC and LP) wereriginally designed aa comprehensive set to
monitor the ozone horizontal and vertical distributions. However, the NPOESS mission redesign,
which was spurred by thidunn-McCurdy review, fundamentally alted the status of the limb
sensor. The OMPS/ LP sensResearchas nbéeenmdaoawngwhde
further development on the sensor and limited the scope of instrument calibration. The new
requirement on the OMPS/LP sensor and missigichlly consist®f:

(1) Obtaining the best ozone profile product

(2) Performing the SDR+EDR retrieval in a timely fashiorl5(&PU minutes per limb scatter

event per slit)

(3) Characterizing the sensor-orbit performance

(4) Evaluating the sensor capability to mdststated specifications

(5) Construaing all analytical tools to be ready by launch time
The consequence of these new requirements was to place more emphasis on data analysis,
creating the need for additional tools such as (1) a detailed instrument modeiutates
instrument effects and generate high fidelity synthetic datasets for code testing and (2)can end
end testing workbench to test the most critical modules of the algorithm and quantify the effect
of sensor and algorithm uncertainties/assumptiansetrieved ozone accuracy and precision.
Increased flexibility to the retrieval algorithm was also added in terms of alternative EDR
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retrieval algorithms, the first one relying on spectral fitting (useful in identifying and correcting
for instrument effets) and the second one requiring minimal data preprocessing (essentially
using raw CCD array measurements).

1.4 OMPS/LP sensor description

1.4.1 OMPS/LP sensor concept: The Limb Satter method

The OMPS/LP is a Limb Scatt@rS) sensor. It is designed to observehar t hds | i mb r a
in the 2901020 nm spectral range where the prime source of light is saldiancebeing

scattered by atmospheric molecules (Rayleigh scatter), suspended liquid and solid particulates
(aerosol s), cl| oudseergurdl-2). OMPS/BPahasthéritage frenmuothéba ¢ e
instruments, such as the Ultraviolet Spectrometer on the Solar Mesosphere Explorer (UVS/SME)
[Rusch et al., 1984]the Shuttle Ozone Limb Soundingxperiment/ Limb Ozone Retrieval
Experiment (SOLSE/LORE) [McPeters et al. 2000], the Stratospheric Aerosol and Gas
Experiment (SAGE IIl) Rault, 2005a Rault and Taha 2007], the Optical Spectrograph and

Infrared Imager System (OSIRI8)lewellyn et al,.2004]and the SCaring Imaging Absorption
spedroMeter for Atmospheric ChartograyHSCIAMACHY) [Bovensmann et al,1999].

Figure 1-2. lllustration of the LS viewing geometijhhe atmosphere scatters sunlight into the
line ofsight (LOS) thru molecular (Rayleigh) and aerosol scattering and cloud/surface
reflection

To interpret the radiance measurements made by the @MR8nsor requires an understanding

of how t he E aintdract with dlttawblets /) eisibke,and near infraredNIR)
radiances Incoming solar radiation undergoes absorption amdtiple scattering in the
atmosphere by atmospheric constituents such as ozone and aerosols, and Rayleigh scattering.
Radiation that reaches the ground is scattered Hpcas of widely varying reflectivityTo

retrieve ozone vertical distributidinom the trgpopause to 60 km, a series of spectral channels
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are selected to observe a range of strongly absorbing to weakly absorbing features itiele Har
Huggins and Chappsiibands. Within these ozone bandsabsorption by other atmospheric
components iselativelysmall The ozone absorption coefficients differ from band to beuitti,

the strongest absorption at lower wavelengt@®nsequently, as wavelength decreases,
significant absorption occurs at progressively higher levels in the atmosphere. Although in
principle the scattered radianata given wavelength depends upon the entire ozone profile from
the top of the atmosphere to the surface, in practisembstsensitve to the ozone densigver

a restricted range in altitudegredominantly in the vicinity of the tangent poi@onsequently,
measurements of scattered radiation at shorter wavelengths yield information on the ozone
profile at higher levels of the atmdsgre than measurements at longer wavelengths.

With respect to ozone retrieval, the OMPS/LP spectral range can be subdivided into three
wavelength regiost

e In the shorter wavelength range (typically 2886 nm), solar radiation is almost
completely absorbedbove the ozone density peak (typically located a22@&m), and
consequently tropospheric features (such as clouds, aerosols and terrain height) do not
affect the limb signal measured by OMPS/LP. The limb signal at these wavelengths is
dominated by th@zone profile above the peak, and therefore, it can be used to retrieve
ozone profile at high altitudes, typically between 45 and 60 km. At these high altitudes,
radiation scatter is mostly Rayleigh single scatter, which permits relatively simple
retrievab.

e Between 295 nm and 310 nm, scattering takes place over a wide range of altitudes, but
tropospheric features still only have a small effect on the limb signal. The limb signal at
these wavelengths provides ozone profile information near and below the pzak. At
these altitudes, multiple scatter effects become important, which necessitates the use of
more complex forward models.

e For wavelengths longer than 310 nm, the limb signal is affected by the stratosphere,
troposphere and tolde suHame refledasce, aarasdlsaandeterrairC |
height strongly influence the diffuse radiation field in the troposphere and lower
stratosphere.

The retrieval of ozone information from limb signal observations requires the modeling-of non
isotropic scattei ng wi thin the Earthoés atmosphere (b
reflection from the Earthés surface (model ed

1.4.2 OMPS/LP sensor description

The OMPS/ LP sensor simultaneously 1| mbaoihs t he
avertical FieldOf-View (FOV) of aboutl.85 covering the 8665 km nominal altitude range and
allowing for boresight misalignment, spacecraft pointing error and Earth radius variation along
the orbit(Figurel-1). It is atriple-slit prism spectrometer that senses the limb radiance and solar
irradiance over th wavelength range of 290 @20 nm. One of the slits is centered on the
satelliteground track while the other two apminting 4.25 deg (26 km) on either side (see
Figurel-1). The light entering the OMPS/LP instrument slits is dispersed by a prism and focused
onto a single twalimensional Charged Couple Device (CCD). The prism dispersion is uniquely
suited for the OMPS/LP, providing higlpectral resolution in the featuresh UV region and

lower resolution in the somewhat featureless visible region, as shdwgure1-3. Figurel-4 is

a schematic representation of thE@array layout. The primary technical challenges associated
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with Limb Scatter measurements are (1) the large dynamic range of the limb signal, which
typically varies by 46 orders of magnitude across the spectral/spatial ranges of interest, and (2)
the oone profile precision requirements which demand that radiances be measured at high
Signatto-Noise Ratio (SNR). To satisfy these two requirements, each slit is subdivided into a
small and a large aperture, thus producing six distinct limb images on tbBef@@l plane

(Figure 1-4). Additionally, two different integration times are used to create a short and a long
exposure of each image on the CCD array. Both the short and the long exposures are made of a
series of suexposures15 short and 10 long) which are interleaved ana@dwed orboard the
spacecraft. The OMPS/LP sensor thus produces four images per slit spanning a gain range on the
order of 100. The sensor can nominally provide 200 spectral channels for each deteapr imag
but available data rates can only allow for a relatively small dynamic subset of these channels to
be downlinked to the ground (about 10% of the CCD pixels for the short integration time and
15% for the long integration time). Residual straylight (beithin a slit image and across slit
images)is a significant portion of the measured signal, and therefioit be accouetl for and
corrected.
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Figure 1-3. OMPS/LP dispersion characteristics. The priatlows for variable spectral
resolution, from 1 nm in the UltraViolet to 25 nm in near InfraRed
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Figure 1-4. OMPS/LP CCD array layout. The three slits are imaged onto a single 740x340 CCD
array. Dark vertcal lines represent the downlinked pixels. UV and visible filters are used to
reduce crosshannel straylight. (Courtesy of BATC)

The telescope is equipped wishdepolarizeto keep the linear polarization sensitivity below

2%) andtwo blocking filters (to minimize overlap of adjacent spectra on the focal plahe

further improve the SNR of the shortest UV channels, a-Ndgared blocking filter was added

for the large aperture images. The calibration stability (radiometric throughput and spectral
registration), which is essential to enable lérgn ozone monitoring, is maintained by periodic
observations of the sun, using transmissive quartz diffusers to redirect the solar irradiance into
the telescopeThe reporting period is 19 s, correspondindl$0-km horizontal cell size along

track. To satisfy the anticipated science needs, the instrument is designed with relatively tight
specificationgTable1-1), the most stringent being the pigon of 3% from 150 50 km.

Table1-1. OMPS/LP instrument specifications and requirements

Item Specification
Spectral range 290- 1020nm

Spectral sampling interval

2 pixels per Full Width Half Maximum (FWHM)

Spectral redation (FWHM)

1.5-40 nm (prism)

Field-of-View (FOV)

1.85° (3 slits, 4.25 deg apart)

CCD Pixel FWHM

1-1.5 km in elevation, 3 km in azimuth

Integration times

Long: 1.248 second, coadded 10 times
Short: 0.068 second, coadded 15 times

Revisit time

5 days (average)

Vertical coverage

Tropopaus® 60 km

Vertical cell size

resolution: 3 km, sampling: 1 km

SNR

320 (290nm at 60km) to 1200 (600nm at 15km)
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Measurement range 0.1- 16 ppmv

Reporting period 19 seconds (150 km along track)

CCD dimensions 740 (spectral) x 340 (spatial) pixels

Accuracy requirement 10% (15- 60 km), 20% (Tropopausé5 km)
Precision requirement 3% (15- 50 km), 10% (Tropopausel5km, 5060km)
Long-term stability requiremen| 2% over 7 years

Figure1-5 shows a typical array of the sensor SigitalNoise Ratios (SNR) for each CCD pixel.
Note that data will be downloaded at the pixel lekel,no pixel binning will occur on board of
the space platfornThe AnalogTo-Digital (ATD) conveter has a full scale of 14 bits.
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Figure 1-5. OMPS/LP sensor Signal to Noise Ratio at short and long integration times

1.5 Concept of operations

The OMPS/LP sensor design and measurement concept is d bf/ipriedecessor limb sensors
(SOLSE/LORE and SAGE Il LSAnd nadiviewing Backscatterring UltraViolet (BUV3$ensors
(TOMS and SBUY. Earthview data isobtained during dayside portions of the orbit in a
constant and consistent data acquisiteeguence Calibration data idsndependently and
occasionallyobtainedon the nighiside or at the dagight boundary. The calibration data is
downlinked to Earth in distinct data packets and subsequently processed separately from Earth
view data.

Each OMPS sesor was designed with a wide degree of flexibility by making extensive use of
uploadable tables that can be readily updated on orbit. In addition to uploading updated tables
(such as linearity, gain and sample tabl@®)duced via the processing of califiwa data the
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Command Sequence Memory (CHM also updated on a routine basis. Periodic updates to the
CSM primarily involve such items as the scheduling of calibrations (routine and reference) and
the start time of the Eartiew sequence due to the senal variation of the solar zenith angle.

The three instruments of the OMPS suite must share the Main Electronics Box (MEB), which
contains the computer controller and the signal processing electronics. During nominal Earth
view operations, all three sgors are imaging and sending data to the MEB, which necessitates a
careful coordination of the individual integrations for all three sensors so as to prevent image
pool buffers overload and the subsequent loss of data. Nominally, imB&asththe nadirand

limb sensors cover the same range of solar zenith angles (up to 88 deg.), but begin their
respective imaging sequences at different points along the orbit and the reporting periods are also
different. Since the LP views the limb in the awgiocity drection, it begins imaging about 7
minutes after the TC and NP sensors. The reporting periods, which must accommodate the
science objectives of each sensor, are respectively: 19 sec. for the LP, 7 sec. for the TC and 37
sec. for the NP. At times, the LPliAbe interrupted to allow for calibration activities on the nadir
Sensors.

1.5.1 Pre-launch calibration dataset

The OMPS/LP sensor has undergone a suite efgoirech tests, which resulted in establishing an
initial set of calibration data. This set is compodf thelO datafiles, which are described
Table1-2.

Table1-2. OMPS/LP sensor calibration data set

Dataset name | Dataset definition
CBC Wavelengths at the center of each CCD pixel
SRG Elevation angles at the center of each CCD pixel
BPS Spectral slit function for each CCD pixel (121 elements)
FOV Elevation slit function for each CCD pixel (121 elements)
RAD Radometric coefficients for each CCD pixel (counts to W.séfgtar/nm)
STB Initial sample table
SLT Point Spread Functions (PSF) and ghosts (straylight)
LED Nontlinearity correction table (as loaded into the sensor)
IRD Irradiance calibration coeffici¢mf each CCD pixel (counts to W.seé/nm)
GON Goniometry coefficients for each CCD pixel

1.5.2 Spectral channel selection. Sample Table

The downlink data rate allocated for tl@MPSLP sensor is limited and, in normal Earth view
mode, can only accommodattee download of a subset of the 740x340 CCD pixels, namely
about 30000 pixels at short integration time and 50000 pixels at long integration time. The
Sample Table is an editable uplink table which contains a list of the CCD pixels which (1) are
A h e a I(ie. megitlier dead nor hot) and (2) are required by either the SDR or the EDR
algorithms. The EDR algorithm requires certain spectral ranges and associated altitudes for the
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ozone and aerosol retrievals: as showisattion3.5.6 the sensitivity of the limb radiance to
ozone has two maxima, the first one in the UV for altitudes ranging from 25 to 60km and the
second one in the visible in the altitude ranget@km.

A series of channels werelectedin theseregiors to provice overlapping vertical coverage

each channel being associated with an altitude range optimizeegrfsorSNR and maximum
sensitivity to ozoneAt the shortest OMPS wavelength, 290 nm, the esestions are greatest

and provide coverage from D km. Asthe wavelength increases, the cresstion values
decrease, and the range of usable altitudes moves downwards until, at 320 nm, the bottom
altitude of the rangis 2528 km. In the visible, absorption cross sections are more uniform, but
weaker, which lnits the use of th€happuis bandata to below @ km.

Aerosolproperties are retrieved in spectral channels exhibiting weak gaseous absorption, such as
on either side of th€happuis ban¢600-520nm and75nm), andat longer wavelengths such as
740750 m, 846860 nm and00-1020 nm. As shown in Sectio3.5.5 the sensitivity of the

limb scatter signal to aerosol is typically small below 500 nm. The vertical extent for aerosol
retrieval is typically 1835 km, but it will varywith aerosol loading and scattering angle. Surface
reflectance is retrieved using the same channels as aerosol indBe&kBbrange.

Additionally, the wavelength registration and straylight mitigation algosthmequire
downloadinga series of pixel rowand columns(see Sectior3.5.1). Moreover, since the
OMPS/ LP sensor is not steerable in elevation,
(x15 km). The size of the Sample Table can be reduced by identifying CCD wixiels are

either always saturated (such as pixels corresponding to high gain and long integration times at
low altitudes and in the visible), or alternatively have a low signal (such as pixels corresponding
to low gain and low integration times at higlitudesand in the visible)Figure 1-4 and Table

1-3 illustrate a typical Sample Table which fulfills the requirements and constraints elaborated
above.

Table1-3. Sample Table

Wavelength range (km) Altitude range (km) Useage
290-295 50-60 Ozone
295300 47-53 Ozone
300-305 4353 Ozone
305315 3845 Ozone
315325 28-38 Ozone
340-360 whole FOV RSAS, Straylight
360-500 whole FOV Straylight
500520 10-50 Aerosol, albedo
525675 10-50 Ozone
660-680 1045 Aerosol, albedo, cloud top
740-750 1045 Aerosol, albedo, cloud top
840-860 10-45 Aerosol, albedo, cloud top
900920 10-45 Aerosol, albedo, cloud top

960 10-30 Cloudtop
All wavelengths 25, 30 Wavelength registration
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1.6 Data Products

The primary and secondary outputs of the OMPS&tRevalalgorithmarelisted in Table 1-4.

The primary output ishe vertical distribution obzone covering altitudes from the tropopause to

60 km in 3 km vertical cells reported every 1 Khilne secondary outputs are aerosol extinction
profiles, one moment of the size distribution (such as Angstrom coefficient or some combination
of mean radius ahstandard deviation), the cloud top height and the effective surface élyedo
These primary and secondary outputs, together with additional parameters are written in an HDF

file, the structure of which is described in SectBoh0.1

Table1-4. OMPS/LPsensor Data products list

Vertical range | Vertical spacing | Vertical resolution

Primary product

Ozone profile | Tropopausé 60 km | 1 km | 3 km
Secondary products

Aerosol extinction profile 15-35 km 1 km 3 km

Aerosol size moment 15-35 km N/A N/A

Cloud topheight N/A N/A N/A

Effective surface albedo N/A N/A N/A
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2.0 ALGORITHM OVERVIEW

2.1 Overall concept

The OMPSLP Algorithm has two majomodules
1. TheSensor Data Record (SDRalgorithm, which
a. processes the weekly solar irradiance data to continuously @odhed sensor
calibration (dead/hot pixels identification, wavelength registration, linearity, dark
current magnitude)
b. preprocesses the Earth view data to generate sets of calibrated and spectrally/spatially
registered radiance data
2. TheEnvironment Data Record (EDR) algorithm, whichretrieves science data from the set
of SDR calibrated radiances.

The OMPS/LP mission on NPP will be the first one for this novel sensor. Consequently, together
with developing a robust mainstream algorithm which will be capabprocessing sensor data

at launch time, alternative methods are concurrently being developed both for the SDR and EDR
algorithms. The following sections will describe the mainstream algorithms as well as the most
pertinent alternatives. For SDR, altatives have been developed for individual modules, such

as the straylight mitigation module, whereas, for the EDR, two alternatives have been developed
for the whole EDR algorithm.

To accommodate the EDR mainstream module and its alternatives, the SEfRralgooduces
calibrated radiance data in two formats, namely (1) ungridded and (2) gridded. The ungridded
data is organized per CCD pixelej each data point corresponds to a CCD pixel, with its
associated calibrated radiance, wavelengthtandentheight), whereas the latter dataset uses a
two-dimensional cartesian grid (wavelengttss tangent heighto remap the radiance data from

the original CCBbased format. The mainstream EDR module uses gridded radiance SDR
dataset whereas the two alternat&®R algorithms use the ungridded SDR radiance dataset.
The mainstream EDR module has heritage from past limb scatter sensors (SOLSE/LORE and
SAGE lll), and therefore would fulfill the need for anrlatinch robust algorithm, whereas the

two alternatives @& aimed at circumventing the need for data remapping onto a Cartesian grid.

2.2 Overall flowchart

As shown inFigure 2-1, the SDR module reads the OMPS Raw Data Record (RDR) and
ancillary data and writes its outpato the Hierarchical Data Format (HDF) Sensor Data Record
(SDR) file that contains most of the dynamic information needed by the EDR Algorithm. The
RDRs are little more than the data packets received directly from the sensor. The EDR algorithm
in turn reas the SDR file, together with a seriesawicillary files, performs the retrievals of
ozoneand aerosoprofiles and writes its output into the HDF formatted Environmental Data
Record (EDRY)file. Table2-1 summarzes the required data input and output files for both the
SDR and EDR algorithms.
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RDR file =—3» SDR —3p-SDR file EDR 3 EDR file
algorithm algorithm
Static files Staticfiles

Figure 2-1. SDR + EDR flowchart

Table2-1. SDREDR input/output files

Algorithms Static inputs Dynamic inputs Outputs

SDR CBC, SRG, BPS, FOV,| RDR (HDF) SDR (HDF)
RAD, STB, SLT, LED, | Atmospheric T/P Calibration files
IRD, Uplink files
GON, Solar spectrum,
Spectroscopy

EDR Spectrosopy SDR (HDF) EDR (HDF)
Solar spectrum Graphical diagnosis (PNG
BPS, FOV Curtain file for orbit

Misc diagnosis

A consequence of thidunn-McCurdy project revision was to minimizthe dependence of the
OMPS/LP algorithms on external dynamic datasets. Apart from the RDR raw dataset, the
SDR+EDR algorithms only require one external dataset, namely the specification of the
atmospheric temperature and pressure at théogation of @ch limb scatter events.

2.3 Sensor Data Record (SDR) algorithm

As described in the Algorithm Theoretical Basis Docunienthe Sensor Data Recoifdaross

et al., 2010] the SDR has two main functions, namely sensor calibration and limb data
preprocessingSensor calibration uses weekly solar irradiance measurements to perform spectral
registration of each CCD array pi xel, i dent
degradation. Radiometric calibration, linearity check and calibration trending angeafsrmed.

The limb data preprocessimgcludes: Bias/dark/smear removal, data reformatting;lgeation

and viewing angles determination, straylight mitigatidbangent Height (TH) registration, two
dimensional gridding and gain consolidatidime SDRdata processing requires both static and
dynamic databases, the former ones include teapreeh sensor calibration tables as well as a
reference solar spectrum, while the latter ones include the definition of the atmospheric
temperature/pressure at tgeclocation of each LS evenithe SDR error analysis consider
measurement errors (sensor SNR), spectral/spatialegistration, as well as biases due to gain
consolidation and straylight mitigatioStraylight contamination may be a major source afrsrr

in the final ozone profile product, and consequently alternative modules have been developed to

21



assess and mitigate straylight effects. The output of the SDR algorithm is distributed into a series
of three files, namely: a Hierarchal Data Format (HEfjnatted file containing all information
required by the EDR algorithm, a calibration database, containing updated information on the
sensor characteristics and an uplink file, containing updated information which needs to be
periodically uploaded to th&pace platform.

22



3.0 ENVIRONMENT DATA RECORD (EDR )

This section describes howzone profiles are rpduced from the OMREP UV/Visible/NIR
measurements. The algorithm description is presented as-byssegp processing flowThe
modules necessary to convéte SDR calibrated radiance data iozoneand aerosol profiles

are then reviewed. In Appendig A and Btwo alternatives methods are describ@te first one

relies on spectral fittingwhile the second one is a Direct Optimal Estimation (DOE) approa
applied on the ensemble of downloaded CCD pixels. The spectral fitting method will be helpful
in identifying and correcting for instrument effedRault and Taha,2007], while the DOE
technique circumvents the need for data preprocessing steps sugbB-gigdding, gain
consolidation and possibly, straylight mitigation.

3.1 EDR algorithm overview

The EDR algorithmis adapted from the Herman Limb Scattering Algoritfiterman et al.,
1995a] This algorithm was employed with the Shuttle Ozone Limb Scatter rirpat
(SOLSE) and the Limb Ozone Retrieval Experiment (LQR#&cPeters et al., 2000; Flittner et
al., 200Q. The algorithm basally compares a seif measured normalized scene radiswih

the onescalculatedusing a Radiative Transfer (RT) modfgr the specific measurement
geometry, viewing conditions and surface conditions. The algorithm takeldtamtaneous
Field Of View (IFOV) information from the SDR, characterizes the sqetmud heightsurface
reflectivity) and performs height registratidrefore aerosol and ozone information is retrieved.
The algorithm output is an HDF formatted file containing retrieved products as wedtas
quality flags ad averaging kernel matrices.

The approach chosen for both ozone and aerosol retrievals usgstithal estimatiormethod
[Rodgers, 1976], regulated by a set od-priori constraints and Section3.2 describes the
application of the optimal estimation to the OMPS/LP retrieval. The forward model, which is
used to simulatarhb radiances over the OMPS/LP operational spectral and spatial ranges, relies
on a pseudaspherical multiple scattering RT model, and is described in Se8t@nThe
retrieval strategy adopted for the OMPS/LP follows a sesfesequential steps, as shown in
Section3.4. The goal of the first steps is to check (and modify, if necessary) the CCD array
pixels spectral and spatial registrations produced by the SDR, and thus for each limb event and
for each of the three slits. The following steps are aimed at specifying the scene viewed by the
sensor and yield information on cloud top height and surface reflectance. The last two steps
contend with the retrieval of aerosol (extinction coefficieaiticd profile and one moment of

size distribution), and ozone (density and volume ratio vertical profilHsg. algorithms
developed for each of these steps are detailed in SegftonThe ozone retrieval uses the
doublet and tplet methodgFlittner et al., 2000] respectively for the Hdeay-Huggins and
Chappuis bandS.he aerosol retrieval uses the methodology describg¢dmylt and Loughman,

2007].
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3.2 Application of the optimal estimation methodto OMPS/LP

The goal of the reieval process is to identify the optimal atmospheric composition which most
closely reproduces the limb scatter radiances measured by the OMPS/LP sensor,cstlgect t
constraints provided bg-priori knowledge of the expected solution. This optimal cositpm is
represented by the state vectorwhile the measurement vectgris constructed using limb
radiance observations over a range of tangent heights and wavelenffihga/l models used

to evaluate (a) the limb radianc€¢x) that OMPS/LP wouldbe expected to observe if the
atmospheric state was representec,bgnd (b) the partial derivatives of radiances with respect
to the state vectax : K = The éptintakestimation techniqiiBodgers, 1976]is used to
iteratively solve foix:

X, = ¢+ EKIS, (y= 2% )= 3 (% — ¢)] [ Equation3.1]

where subscripti denotes thei™ iteration. Equation3.1 uses a-priori constraints for
regularizationx, is an estimate of the state vector derived from climatology, wh&gasthe
corresponding covanmee matrix. The matrixSy describes the noise covariance of the
measurements is the solution covariance matrix:

§ = K'S, K +S; 1 [ Equation3.2]
The retrieval 1 uncertaintyof the state vector is typically given as the square root of the
diagonalof the covariance matrix. The criterion for convergence is:

(x - ¢.)"Ex - «.)/n<\ [ Equation3.3]

conv

wheren is the dimension of the state vectord N.on, is the convergence thresholdRddgers
2000] recommends settinycony = 1, butin practice we have useédi,,, = 5 for ozone retrievals
andNcony = 20 for aerosol retrievals without significant loss in retrieval accufasgvergence is
generally obtained within-3 iterations, and aaximum of 7 iterations ismposed to prevent
runavay calculations when a case does not converge properly

The kernelmatrix K, is mathematically defined as the incremental change in the limb radiance
signalat a given tangent heighiH dueto an incremental change ihe state vectox(H) at an
altitudeH. Since the kernels depend gnthey must be recalculatetd @ach step of thdarative
process.This somewhat CPU intensive task can be minimized dieceels based on single
scattering radiances have been shfkWarman et al., 1994 to provide equiglent convergence
properties andanalytical formsof the single scattering kernetan be developed for each of the
constituents.

Together with profiling and uncertainty information, the averaging kernel matrig an
important diagnosis parameter, siriteontains information on the retrieval vertical resolution
and the weight of tha-priori data.

A= EK's K, [ Equation3.4]

The averaging kernel FWHMs usually taken as a measure of the vertical rasolutf the
retrieved parameters, since
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Xretrieved = A‘X(ru’[h + 1 - 5‘]xa [ Equation 35 ]
[Rodgers, 2000]where Xtieved Fepresents the retrieved state veck, the actual true state
vector, and is the identity matrix. In all retrievals related to @&PS/LP sensor, th& matrix

is banddiagonal, with offdiagonal terms (which determine the vertical resolution) rapidly
decaying away from the diagonals.

3.3 Radiative Transfer (RT) forward model and Instrument Model (IM)

The retrieval of atmospheric contggnts from limb radiance measurements basicallglves
comparing measured radiances with synthetic radiageesrated by a forward model. The
analysis olLS measurements therefore requires the use of an accurate arefficidut forward

model to simudte the radiative transport through the atmosphere and account for the instrument
spectral and spatial characteristics (dispersion, slit function). The forward model consists of two
parts, the first one being a multiple scatter, spherical atmosphereiRadia@nsfer (RT) model

and the second one being a simple Instrument Model (IM).

3.3.1 Radiative Transfer (RT) forward model

The RT model is based on an algorithm developedHgyman et al.,1998], and has been
specially optimized to run efficiently over a d@ number of discrete wavelengthRaplt,
2005a], thus allowing one to (1) avoid the use of lagk tables during the retrieval and (2)
perform irline convolution with the sensor slit functio€omputational efficiency isnaximized
by using three imbeddespectral grids:

1. The single scatter computation is performed at a medium grid resolilitigirated by
the blue line irFigure3-1.

2. The more computationally intensive multiple scattering simulations are madenooha
coarser gd. Thewavelengths at which multiple scattering calculations are performed in
the retrieval algorithm are indicated by vertical pink lineBigure3-1.

3. Themodeled radiares are then interpolated onto fiveer grid of solar rradiance nodes
(illustrated by the cyan line iRigure 3-1) before being convolved with the instrument
spectral slit functiorfSection3.3.2.

The optimal layout of the three grids used in the moda$ werived by evaluating and
minimizing the effect of grid resolution on the retrieved ozone profiles, so thateimied errors
account fora small fractiorof the retri@al standard deviatiorkzor comparisonkigure 3-1 also

shows the resolutionf the ozone crossectiors used in the inversion algorithfgreen line), as

well as the FWHMs of the OMPS pixels (red lin@he partial derivatives with respect to both
ozone and aerosol are computed sanalytically and, due to CP#¥fficiency considerations,

they are not convolved with the instrument slit function, but instead computed at the central
wavelength of each pixel.

For the present study, the RT model assumes a Lambertian Earth sadace atmospheric
polarization. The masured signal will be insensitive to the polarization state of the incident
radiance because the sensor is equipped with a depolarizer, and neglecting polarization in the RT
calculations has little effect on the ozone retrigiaughman et al., 2005]The RT model has

been compared with other LS RT codedlbgughman et al., 2004].
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Figure 3-1. Computational gricGsamging (in nm) comparedo ozonecrosssectionsampling
(green linespnd OMPS instrmentpixel FWHM values (red linesfor UV wavelengthgleft
panel) and visible wavelengths (right panehhe solar irradiance and single scattering
sampling are shown as cyan and blue lines, respectively. Vertical pink lines indicate
wavelengths at wbh multiple scattering calculations are made.

3.3.2 Instrument Model (IM)

The EDRalgorithm uses a simple instrument model in the retrieval process. A more elaborate
instrument model, which was constructed to (1) generate synthetic datasets for code testing an
(2) perform ororbit troubleshootingis described in Appendix.d’he basic purpose of the EDR

IM is to convolve the high resolution RT computed radiancds & ,withHhe sensorEectral
function fspecra @ @AY spatial responseaurfctions fspaiia( THK, TH). The convolutions are
performed sequentially as:

I[A,TH,] = Ii[l_‘,THm]S[/l_‘] fopectralA4_A) DA [ Equation 3.6 ]

where & denotes the RT high resolution spectral grid &fjais the solar spectrunTHp,
represents the fixed RT spatial grid, which is uniformly sgagigh one km resolution. For the
spatial convolution, the radiante( ay,) i3 fifist interpolated onto a fin€H, grid (resolution =
0.1km) and then convolved:

RadZ TH] = [I[4 TH,]f uu(TH, TH)TH, [ Equation 3.7 ]

The sensor spatial/spectrasposefunctions on each CCD pixel attee combined sensitivity of
the optics and CCD detector tm @ncident light spectrum. They typically are peaked guasi
gaussianfunctiors and have beerharacterizé during prelaunch calibration. The spectral
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function isdefined as a set of 600 points for each active CCD pixel, while the sensor spatial
response is defined as a set of 120 points.

3.4 OMPS/LP products retrieval strategy. Overall algorithm layout

[Loughman et al. 2005] and [Rault and Taha, 20@Giave shown tht the ozone profile retrieval

from LS measurements is sensitive to a series of paramesling the accuracy of spectral

and spatial registrations, aerosol density, and to a lesser esugfate reflectivityl and NQ
density. The accuracy/preasi requirements expected out of the OMPS/LP demand that these
parameters be known to a relatively high accuracy. The SDR algorithm provides calibrated
radiances for each CCD pixel, each one registered both spectrally (using weekly solar
measurements) anghaially (using spacecraft position and attitude information). However, the
accuracy of these registrations needs to be verified and, if necessary, corrected, as the first step
of the retrieval process. Aerosol density &hehay vary in time and space due to dust transport
and cloud/lanetover respectively. The N@lensity varies both spatially and in local solar time.

To account for these effects, the retrieval strategy adopted for the OMPS/LP ozone profile
retrieval incudes the following steps:

(1) First order estimation of N{Grom climatology, corrected for local solar time effects

(2) TH registration check, and adjustment if necessary, using a-baseemethod, such as
the Rayleigh Scatter Attitude Sensor (RSAS) technifdenz et al. 1996]or
alternatively, the Multiple Wavelengths TH Registration Met[iault, 2006]

(3) Cloud height determination, using long wavelength channels with weak gaseous
absorption

(4) Surface albedo determination

(5) Aerosol retrievalaerosol extinction ansize distribution), using spectral channels with
weak gaseouabsorption

(6) Repeat TH registration check/adjustmenRSAS TH registration is sensitive to
stratospheric aerosol content

(7) Ozone retrieval, using radiance data from both the UltraViolet and visdolelength
channels, respectively for high altitudes @%m) and low altitudes (Cloudop or
10km-40km)

(8) Residuals evaluation

These steps are mostly independent from each other, since each step is using a different part of
the spectral range measured ®¥IPS/LP.The order of these steps specifically designed to
provide rapid ozone convergence by ensuring the ozone invéssisingthe best estimates for

all pertinent atmospheric and surface parameters. The steps are mostly sequential withevery littl
reliance oriterative return loopn order to minimize CPU requirements.

The outputs othe EDR algorithm ar¢he vertical distribution of ozone in tradtitude range
tropopausé0 km as well as bproducts such as stratospheric aerosol vertical distiband

some information on aerosol sjzéand cloudtop height. The wncertainy estimates obtained for

both ozone density and height registratme also included
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3.5 OMPS/LP product retrieval

3.5.1 Spectral registration

The UV solar and ozone absorption spedtoth exhibit rich fine structures with rapidly varying
features. Consequently, high ozone retrieval accuracy in the UV spectral range critically depends
on high quality spectral registration. Each limb observation made by the OMPS/LP must
therefore firstpass a quality test with respect to spectral registration, in addition to the weekly
solardiffuserbased registration performed by the SDR. For that purpose, a series of CCD pixels
are selected and downlinked to help characterize a critical region 6GBeimage of each slit

for eat of the two aperturegigure3-2s hows a typi cal configuration
corresponding to a tangent height of 25 km in the low gain image and 30 km in the high gain
image. To checkpectral registration accuracy, the limb observations along these rows of pixels
are compared with the radiance values computed by the forward model, using the SDR spectral
registration to set the center wavelength of each CCD pixel in the instrument. motel
measured and modeled data spectra are first both filtered withfaglguency filter to obtain the

high frequency spectia ( andM ( aeppectively for the measured and modeled radiances. The
wavelength scale shifpas identified by optimizinghe correlation betweel ( andM( & + pa) .
An estimate of the wavelength scale stretch is obtained by usingtsmals over which
individual gp @re computed.

L BN BN
T™R TR Y.

Figure 3-2. Typical Sample &ble of downliked CCD pixelsEach colored area represents sets
of downloaded pixelsLong horizontal rows of pixels are used for wavelength registration. Long
column of pixels are used for TH registration

3.5.2 Tangent height registration

The SDR provides a height regaion for each downlinked CCD pixels using (1) spacecraft
position/attitude and Earthds radius dat a, an
to boresight. Pointing errors may lead to large uncertaintiéidoregistration for limb viewing

sensors. For OMPS/LP, 1 arcminute pointing offset corresponds to 1 km error in tangent height.

Two methods will be used to check and correct tangent height registration, namely the Rayleigh
Scatter Altimeter Sensor (RSAS) techniquariz et al. 1996and theMultiple Wavelengths TH
Registration MethofRault, 2006]
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3.5.2.1 Rayleigh Scatteing Attitude Sensor (RSAS)

The RSAS method considers the radysorbing spectral region between the ozone Huggins and
Chappuis bands, around 350 nm, where Rayleigh scatterthg [@ime mechanism to redirect

light to the LS sensor. Basically, the RSAS technique compares the measured data to the
modeled radiances, with special weight being given to a TH range around a singularity point,
namely the Maximum Curvature Point (MCP).

In the neighborhood of this point, the limb radiance transitions from the optically thin regime
(exponential relationship between radiance and altitude) to the optically thick regime (radiance
changes little with altitude and can be said to be saturate@he outcome of the RSAS
technique is a single TH shift paramete Mhich is used to correct the TH registration for all

data points][Rault and Taha, 2007have shown that the accuracy of the technique critically
depends on the accuracy of the atmosphtemperature/pressure profiles assumed in the
forward model. Over a large ensemble of SAGE Ill LS measurements, RSAS was demonstrated
to have negligible bias and a standard deviation of 350 m using NCEP temperature/pressure
profiles. Since the MCP poirtiypically lies in the 26B0km range,.e., within the stratospheric
aerosol layer, RSAS accuracy critically depends on the knowledge of the aerosol distribution in
that altitude range. RSAS must therefore be performed at least twice during the rdirstval,

the initial processing phase for coarse registration (assuming climatological values for aerosol
content) and then to fine tune tangent heights after aerosol retrieval. The first phase is performed
on the CCD pixel map, using columns of pixelshaitavelengths cke to 350 nm, as shown in
Figure 3-2. The second phase, which is using retrieved aerosol information, is performed on
gridded data, just before ozone retrieval.

3.5.2.2 Multiple Wavelengths TH Registration Method
This tedinique uses the same principles as the RSAS technique, albeit over a wider spectral

range. A set of TH shift parametexsT H(ia8) computed for each wavel

range which typically extends from 310 nm to 500nm. Since the location of @R pbint

varies as a function of wavelengths, (mostly decreasing in altitude with increasing wavelengths),
this technique provides information on the variatiomof Mith altitude. The spectral range of
applicability of this technique is limited by theiglet of the MCP, which is required to remain in

the stratospherg§Rault, 2006]

3.5.3 Cloud height

The OMPS/LP long wavelength channels are sensitive to the presence of clouds. Clouds appear
as either faint or sharp discontinuities of the radiance verticalgspivhether they correspond

to thin cirrus or tropspheric water cloud$-{gure3-3). Limb observations are particularly useful

for detecting optically thin clouds that might go undetected by nadir s¢igarng et al., 1994

By its nature, theloud detection algorithrmust detect abrupt changes in the radiance profile.
Since these sharp features must necessarily be dulled by the gridding and gain consolidation
processes, the cloud detection algorithm is more effective whare@dgdo radiancegrior to

gridding andgain consolidation. The algorithm operates on aofeilumns of CCD pixels,
positioned atong wavelengths, as shownkigure3-2.

Polar Stratospheric and Mesospheric Clouds (PSC ar(@) &h also be detected with LS signal

[von Savigny, 2005 Petelina, 2006] PSCs appear as somewhat broad features in the
stratosphereThe current aerosol algorithm will treat a PSC as part of the stratospheric aerosol
load, but in the future a PSC detent method will be developed (based on the spectrally flat
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PSC scattering and the characteristic temperature at which PSCs are known td°M@s).

appear as enhanced scattering layers near 80 km. PMCs may unfortunately occur outside of the
OMPS/LP field & view which nominally extends from Earth surface ®kn. The LS line of

sight will undoubtedly pass through PMCs, but characterization of PMCs from OMPS/LP
measurements will be difficult with few observatidoswhich the PMC occurs near the tangent

point of the line of sight. Other datasets such as Aeronomy of Ice in the Mesosphere (AIM) /
Solar Occultation For Ice Experiment (SOF[Russell et al., 208] will be used to help identify

PMC presence within the OMPS/LP fiebtd-view and (1) mark them as quality flag and (2)
ascertain their effect on ozone retrieval.
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Figure 3-3. SAGE Ill LS vertical radiance profile. Tropospheric clouds appear as sharp
discontinuities. Stratospheric aerosol and PSQseap as broad scattering features. Color
profiles correspond to a series of wavelengths from 320 to 940 nm

3.5.4 Surface albed

The aerosol retrieval is conducted using a series of spectral channels which exhibit minimal
gaseous absorption, namely in the fallog ranges: 80-510nm, 666680 nm, 746750 nm, 840

860 nm and 908920 nm The basic scheme in the aerosol retrieval algorithm is to identify and
quantify the additional scattering which occurs beyond Rayleigh scattering. The first step,
therefore, is toeluate the Rayleigh scatter signal, which, in the visible/InfraRed spectral range,
is a complex function of Earth surface reflectance and also involves multiple scatter effects. The
Rayleigh scatter signal, however, can be estimated by comparing medstiaeto model
radiances at high altitudes to estimate an effective surface dlbedtch can then be used to
evaluate the Rayleigh component at all altitudes. rétvéevedUis alsoused subsequently in the
ozone retrieval algorithm.

In the forward modl, the Earth surface is assumed to be Lambertian and homogeneous, with
only one independent variable, namely its spectral dependeaca ) estimated ( om limb
observations, the measured data is compared to model radiances in the TH rang®é &35

This TH range is located mostly above the aerosol layer and should be minimally contaminated
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by straylight. For each wavelength considered, the measured LS radiance is compared with
model radiances computed at three assumed surface reflectances, faméyg and 0.9, and

U ( & )subsequently evaluated by interpolati@iven absolute radiometric calibration of the
instrumentat the intended levéP%), this method yield§) ( at sufficient accuracy (<10%) to

allow accurate retrieval of trace gases and aerosol. This misthaoakt applicable to visible and
InfraRed wavelengths, since UV limb radiance sensitivity to Earth surface reflectance rapidly
decreases with decreasing wavelengths.

3.5.5 Aerosolretrieval

Figure 3-4 shows typical LS radiance profilesormalized to the Rayleigh scatter signal
computed using the retrievétl The signature of stratospheric aerosols is clearly evident from 10

to 30 km. Results are shown for a series of wavelengths ranging from 449 to 800 nm. The rapidly
increasing values of normalized radiances with wavelengthpranarily due to the incresang
sensitivity of the LS radiance to aerosol at higher waggheny which is shown iRigure3-5.

Wavelength

449 nm
521
602

756

Tangent aktitude [km ]
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R atio data # rodel

Figure 3-4. The ratio of the measured LS radiance to the model radianceslatdd for an
aerosolfree atmosphereath e deri ved effective Lamberti an
can also be observed at 10km, just below the tropopause. [Rault and Loughman, 2007]
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Figure 3-5. Sensitivity of limb radiance to strafaseric aerosol. Sensitivity is defined as the
maximum change [%)] of limb radiance due to 1 percent change in aerosol extinction. Aerosol
retrieval is not attempted in the region corresponding to sensitivities lower than 0.04.
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3.5.5.1 Aerosol extinction coeffigent
For the retrieval of aerosol extinction coefficients, the measurement vector is:

y= [A THI/I[A THyory]  for TH_ <TH<TH__ [ Equation 3.9

wherel [ & ,isTthé ]Jimb radiance at wavelengitand tangenTH. THyormis the tangent height
selected for normaation The high altitude normalization greatly reduces te#ects of
parameters such asirfacécloud reflectance, sensor absolute calibratiod aensor residual
polarization. he normalization altitudéor aerosol retrieval is around 40 km, but may vary
during onorbit operations depending on aerosol loadiFigymin and THyhaxrepresent the altitude
range beyond which the radiance sensitivitygmaol is too lowor a successful retrievalhese
parameters depend amavelength,viewing conditions and aerosol loading, but are typically
around 15 and 35 km respectively.
The a-priori vector is a set of extinction vertical profiles derived from SABEoccultation
measurements. These values correspond to the present period of low stratospheric background
aerosol. The partial derivatives of LS radiances with respect to aerosol extinction are evaluated
using analytic partial derivatives of the numelricaegration employed in the RT. In this step
the key assumption is that the source function due to multiple scattering is independent of small
changes in stratospheric aerosol concentration.
The aerosol retrieval is performed independently for each lemyth. Once converged, the
spectral dependence of the extinction coefficients is then used to infer information on the aerosol
size distribution, as described in the next section. The inferred size distribution parameter is then
used to evaluate the extiion coefficients at the wavelengths selected for ozone retri€hed
task is alternatively done in one of two ways:

1. Using the Angstrom coefficient that best fits the retrieved aerosol extinction

2. Using Mie theory for the retrieved aerosol size distidouto interpolate between the

retrieved aerosol extinction values.

In either method, the key point that the aerosol extinction coefficieng( adre smooth
functions of wavelength-and therefore do not introduce spuriongn-physical high frequency
fluctuations into the ozone retrieval process.

3.5.5.2 Size distribution parameters

Inverted aerosol is reported in terms of extinction/klawever, the RT codeequires additional
knowledge of the aerosol characteristics such as particle size distributioclepastnpogion,

and refractive indices. Whileefault values corresponding to background aerosols can be used
for most observing conditionshe spectral dependence of the extinction coefficients contains
some information on aerosol microphysics which banextracted as was done in the SAGE
missiongYue, 2000].

Assuming the aerosols to be an ensembldliaf scatteringspherical particles with a known
index of refraction and a single moasgyInormal size distributigriYue, 2000]has demonstrated

that he extinction coefficientf(e;TH) retrieved from SAGE solar occultation observations
contain the necessary information to derive the mean ragligsand the variancé. However,

due mainly to the relatively narrow spectral band over wg (B;TH) is derived with LS data,
r'meanand i cannot be independently evaluated from OMPS/LP data. Instead one can infer only
one independent parameter, such as either a mean Angstrom coefficients or one moment of the
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size distribution. To infer aerosol size information from the spectral depeadé the extinction
coefficientyaTH), a series of steps are taken:
(1) A cost function is defined as:

¥ Rieawo TH] :Z ColorRati¢2 4 ,TH) - >olorRatig. (1 1 ,R, ..o I?
[Equation 3.9

whereColorRati€¢1 4 ,TH)= % 1 TH)/ B 1 ,TH)evaluated  with a  reference
wavelengthas and ColorRatig: (1 1 ,R, ..o is the equivalent color ratio computed

with the Mie theory for a givelR, ..., o pair.
(2) Values of (R,.,,o pairs which minimize the cost functicy TH] are identified, and the

minimal value recorded iy .

(3) Values of (R,.,,o pairs for whichy R ..,c TH] < 2y are idatified, as illustrated in
Figure 3-6. In principle, all these qints are possible solutions, as they produce similar
aerosol extinction spectral characteristics.

(4) The (R, o pair closest to the initial set is selected as the solution. The rationale for this
selection is that the initial gas, which is based on updated climatology, was probably
close to the actual value. Again, this point selection does not affect the aerosol extinction
characteristics since all the points wy < 2y would lead to nearly the samesult.

This 4step procedure is reped for each tangent heighitd, then averaged together over the
altitude range with significant aerosol sensitivity to produce a single aerosol size distribution that
best fits the data

Inital value

Variance ¢

Seled [FJBLPcint at minmum distance]
poln
0000

1 '3.03

Figure 3-6. Cost function minima to retrieve moment of size distribution

3.5.6 Ozone profile retrieval

To retrieve ozone information from LS radiance over the altitude rang® K, aseries of
spectral channels selected to observerange of weakly to strongly absorbing features in the
Hartley-Huggins and Chappuis ozone bands, thus allowing one to retrieve ozone at progressively
higher levels in the atmospheiggure 3-7 illustrateshow the sensitivity of hie limb radiance

| ( & ,affet+)305 and 600 nm varies with the altitude of the ozone perturbatnvarious
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tangent height3H. The curves irFigure 3-7 are sharply peaked, becausg o ,isTtydigally
most sensitive to ozone perturbationstret altitudez = TH. Figure 3-8 illustrateshow the
sensitivity of the LS radiance to ozone densrgries with e in the HartleyHuggins and
Chappuis band&henz = TH. UltraViolet channels can be used to retrieve ozone froito 30

km, while the visible channels can be used from 15 tkrd0Due to algorithm instabilities in the
30-40 km overlap region (lower sensitivities to ozone may yield to noise amplification) and
sensor design issues (UltraViolet and visible channelseamrded on CCD regions which may
be widely separated in space), the data processing strategy is to separately retrieve two ozone
profiles, namely a high altitude profile from UV data and a low altitude profile from visible
wavelengths. The difference beten these two profiles within the overlap regiord80km is
used as a quality flag of the retrieval.
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Figure 3-7. Relative sensitivity of radiance at 305 nm (left panel) and 600 nm (right panel) to
ozoneperturbations. Each curve shows the sensitivity of the radiance at a given tangent height
to ozone perturbations of akin layer at a range of altitudes.
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Figure 3-8. Sensitivity of limb radiance to ozartgensitivity is defined as the maximum change
[%] of limb radiance due to% change in ozone density. Results are shown for a typical set of
OMPS/LP wavelengths

3.5.6.1 Doublet and Triplet formulation

For ozone retrieval, the measurement vector is made of waiklpairs (or doublets) in the UV,

and triplets in the visible, following the technique describefiRigtner et al, 2000].In effect,

this technique (1) normalizes limb radiance measurements to high altitude radiances and (2)
contrasts strongly absorigj channels with weakly absorbing ones:

y:Iogﬁﬂ( (2 TH) \/( (2., TH) \ [ Equation 3.1Q

k I (2’ ]—H NORM)) \ I (ﬂ’ TH NORM)}

(
y:bg%( (4, TH) \|F( (TH) V(1 TH) Y Wl ' Equation 3.1

Lk I (l THNORM)) |_\ I (;L THNORM)) U(/1 ,TH NORM)) J

wherel ( e represgnts the limkadiance at wavelengtiand tangent heighitH. THyorwmiS the
reference tangent height used for normalization. The waveleagthsaadas represent weakly
absorbing channels which serve as references in the doublet and triplet, respectively. The weight
factorsy | and¥rare computed as:

P ) and o =1-» [ Equation 3.13
(A=) - -

The high altitude normalization greatly reduces #fgects ofparameters such asirfacécloud
reflectance, sensor absolute calibration and sensor residual polarizat®@mofmalization
altitude selectedor the Hartley/Huggins and Chappuis bands are ab@ukm and 45 km
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respectively. The triplet formulationis effective in providinga linear aerosol correction
throughout the Chappuis band

For OMPS/LP, in order to inease the Signdb-Noise Ratio (SNR) of the measurement vector

y, two modifications to the standard Doublet/Triplet technique have been implemented: (1) the
normalization is not done &tHnvorw but instead over an altitude range frdmnorv O HtO
THnorvt g0 HWith op H6km, and (2) the reference channels are not at the dissretea, but

instead include all available channelsagitl gpayN cpaxN g avith qp=10nm. Table 3-1 gives

typical values folTHyormandas, |, & for both the doublet and triplet constructions. From their
definition, the doublet/triplet measurement vectors can be seen to be mostly insensitive to errors
in absolute radiometric calibration. Moreover, these vectors have a lovggtingty to a series of
parameters (such &sand aerosol content) than the absolute radiandes- ,[Lbughmaret al.,

2009.

Table 3-1. Parameterdor Doublet/Triplet construction

Parameters Values
THNORm(DOUb|et) 65 km
THNORM (Trlplet) 45 km
Doubletay 355 nm
Triplet & 500 nm
Triplet ax 680 nm
Wavelengths used in UV (nm) 289.3 289.8 290.3 290.9 291.4 292.0 29

293.6 294.2 294.7 295.2 295.8 296.5 29
297.6 298.2 298.8 299.4 300.0 300.6 20
301.8 302.4 303.0 308.9 309.5 310.1 31
311.6 318.0 318.7 319.4 320.2 320.9 32]

Wavelengths used in visible (nm) 522.8 526.3 549.9 554.3 572.1 576.9 6(Q
608.1 613.4 619.624.8 630.9 637.4 64
649.7

The a-priori ozone profilevector is obtainedrom SAGE Il climatology] Anderson, 1997]and

is stored as a function of latitude and calendar monthadgreri covariance matrix is diagonal

and each element corresponds to a 100% uncertairgypaori density.

For both the doublet and the tripfermulations, the averaging kernel matrix is mostly diagonal
with most of the diagonal terms being close to unity. Hence the derived ozone profile depends
little on apriori values over most of retrieval altitude range.

The radiance dat aduckdrby the SDRalgeithn aein facptihe result of a
series of data manipulation steps, the last two beingrdling and fowgain consolidation.

The 2Dgridding process allows one to map the CCD pixel coordinatdd| for each pixel]

onto a single uniform twadimensional §, T Gartesian grid. The gain consolidation process
allows one to merge the four gain images (two apertures and two integration times) onto a single
radi ance profil e. elinnMsspréddeced by tha SDR aré relatedstaithee m
actual datdDccp recorded on eacla{TH] CCD as follows:

Mol A TH] = Z weight,; { ZDCCDM_ TH; ].weight, 4[4 TH; I}

4gains 4.CCD.pixels
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[ Equation3.13]

The nhner summation corresponds to the bilinear gridding used to map CCD pixel data onto the
uniform Cartesian grid while the outer summation refers to gain consolidation.

The 2Dgridding and gain consolidation processes may alter the measurement uncegaaties
effective slit function associated with each measurement in an unknown fashion, which may then
increase retrieval errors and biases. To alleviate this problem, the OMPS/LP forward model data
is processed in a manner similar to the actual data, thheisnodel is run at the actua), THi]

of each downlinked CCD pixels, and then recombined using Equati@dto map the model
values onto the twdimensional -, TTGartesian grid, using the same weight factors derived for
the data.

3.5.7 Conversion of ozonalensity to ozone mixing ratio

The radiative transfer model and the retrieval algorithm use number density to specify ozone
levels. However, the standard NPOESS System Specification product requires that ozone be
reported in terms of volume mixing ratioh@ neutral number density profile, derived frime
National Center for Environmental PredictioNGEP) temperature/pressure data, is used to
convert the ozone profile from number density to volume mixing ratio.

3.5.8 Residualanalysis

Upon completion of the on@ and aerosol retrieval process, the forward modetus using all

the retrieved parametefer all spectral channels downlinked from the OMPS/LP sensor. The
reconstruatd signal is then compared tbe actual limb radiancemeasurements to identify
biases in (1) the radiance vertical profiles for each spectral channel and (2) the spectral profiles at
each tangent heighAnalysis of theeresiduas will allow one to detect systematic errors due
either to algorithm issues or unaccounted instrument effS&time of Hese residualwill be
storedas quality flags.

3.6 Assumptions
The assumptions contained in theasithm are summarized ifable3-2.

Table 3-2. Assumptioamade in the EDR algorithm

Forward Model

The at mosphereds | ower boundary i s Lambe
The surface reflectance is spatially uniform

Atmospheric constituentsnly vary in the verticedirection

Retrieval

The limb radiance can be treated as comingfaopoint source with viewing conditions given|
at the center of the pixel IFOV

Aerosol size distribution is single mode log norn#arosol particles are Mie scattering liquid
sulfate spherical particles with an index of refractionl.448+0i

Diffuse radiation field solution on tangent point zenith applicable at all points along Isxghof
Ozone and N@absorption, aerosol scattering, and Rayleigh scattering are the only physic
processes occurring in the OMPS channels
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3.7 External dynamic data

Both the aerosol and ozone retrievals require a setpofori constraints. For aerosol, a SAGE

[l climatology [Thomason;1997 is used to saip two sets of vertical aerosol extinction profiles

which are interchangeably used for all retrievals regardi€ggclocations or seasons. In the

first set, the extinction coefficient spectral dependence is consistent with a mean Angstrom
coefficient of 2.5, while in the second set, the spectral dependence is consistent with a log
normal unimodal size distributioe wi t h a mean radius of O0.06 &m
The NQ density vertical distribution is not currently retrieved in the baseline OMPS/LP
algorithm. The ozone retrieval relies on one of two,Nldnatologies:

1) A climatology based on the HALogen Odtation Experiment (HALOE) N@retrievals
[Gordley et al., 1996],enhanced by multiple linear regression analysis to create a
complete climatology, including the Qudsiennial Oscillation (QBO), seasonal effects,
etc. [Anderson, 208]. The HALOE climatabgy is not corrected for local time and
corresponds to either Sunrise or Sunset conditions.

2) A climatology constructed using the PRATMO photochemical mmdel [McLinden,

2000], which explicitly includes local time effects.
The atmospheric temperature aneégsure profiles at the géacation of the OMPS/LP events
are obtained by interpolation (bilinear in space, linear in time) of the profiles provided by the
National Center for Environmental Prediction (NCHRalnay et al., 1996].NCEP generates
global mas of atmospheric temperature and geometric heights for a set of 21 pressure levels
(1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 40, 30, 20, 15, 10, 5, 2, 1, 0.4 mb) on
a 1° by 1° longitude/latitude grid, four times daily (at O, 6, 12, 18T¢M

3.8 Databases

The RT model uses

- o0zone cross sections (with their temperature dependency) compilf8aby and Paur,
1984] and Burkholderand Talukday 1994]. Alternatively, the RT is setup to use absorption
cross sections measured[iBogumil et al, B0O3, [Brion et al.,1999, [Malicet et al., 1995]
and[Daumont et al., 1992].

- NO, cross sectionsieasured bjHarder et al., 1997].

- Rayleigh scatteringrosssections and anisotropy measuredibgtes, 1984].

- Solar spectra compiled rothman et al., 199, [Colina et al, 1996]and[Kurucz, 2005]

3.9 EDR eror analysis

The retrieval uncertainties intrinsic to the EDR algorithm may originate from either random
noise (which modulates both the SDR radiance data and the NCEP temperature profiles) or from
offset biases (introduced either in spectroscopic data or at some stage of the retrieval process).
The effect of radiance measurement noise on ozone retrieval can be readily estimated from the
optimal estimation covariance matrix. Some of the other effestsbe quantified by passing a

large ensemble of synthetic radiances through the EDR algorithm and perform a statistical
analysis of the retrieved products. Sec#oddescribes this testing process, whereby a series of
450 syihetic LS events simulated with the forward model is used. Each LS event within the
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dataset correspondsto a celocation of a SAGE Il occultation measurement with a
SCIAMACHY limb scattering measurement over a-ge@r period. These events encompass a
wide range of gedocations, seasons asdo | a r
event is assumed to be the SAGE ttisved ozone product, wheredeetsolar view angles are
obtained fom the SCIAMACHY measurements. For all evenite forward model simulation
assumes a uniforraurface albéo and a constardgeiosol extinction profile typical of present
background conditiongzigure 3-9 present the results of the ozone retrieval in terms ofame

bias and standard deti@n. Both theHartleyHugginsand Chappuisetrievak have accuracy
better than % in the 2058 km range The standard deviation &soabout1% over the same
altitude range. These results were obtained in spite of retrieval error on surface albemlo (up t
20%) and uncertainties on aerosol extinction (amounting to 5% in mean bias and 10% in

Vi ewi ng oznegptofdesor eadhh e

standard deviation). Further details of the analysis can be found in S&&tion

Systematic errors due tmcertainties on spectroscopyéme and Ng), Rayleigh cross sections,
NO, density, solar spectrum and air density profile can also be ascertained with this

methodology and the 450 LS events dataset.

Altitude (km)

Figure 3-9. Summary plot of thegocent difference for all retrieved ozone profiles for the 450
simulated radiances, red is for visible, and blue is for UV retrievals. The left panel shows the
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3.10 EDR output data file format and content

The EDR algorithm generates its output in two different ways:

- an HDF formatted file which will contain all retrieved products as well as additional

parameters such as inpuarpmeters (atmospheric temperature and pressure preffegri
constraints) and derived parameters (averaging kernels)

- a diagnosis file which visually displays information on the ozone and aerosol retrieval process
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On the OMPS/LP website, the outdikés for individual limb events will be consolidated on a
perorbit basis resulting in one HDF file containing all results for all events (and all three slits)
occurring on a given orbit, and three diagnosis files, each one containing diagnosticstioforma
for a full orbit for each of the 3 slitseeFigure 3-10). Curtain files will also be constructed to
display the ozone profile information along the orbit, and thus for each of thesthisesee
Figure3-11).

3.10.1 EDR HDF data file (structure and fields definition)

The EDR HDF filewill be composed of two core groupSEOLOCATION andDATA), each
one being subdivided into a seriediefds. Table3-3 showsthe major components of the DATA

group

Table3-3. EDR HDF file content

Data Fields

AveKernel O3UV Averaging kernel matrix for ozone UV

AveKernel O3Vis Averaging kernel matrixor ozone Visible

AveKernel aer Averaging kernel matrix for aerosol

HTO Retrieval altitude grid (km)
0O3CombinedL2gpPrecision Combined ozone profile uncertainty fin
0O3CombinedL2gpValue UV+Vis Combined ozone profile [t
0O3CombinedQuality Quidity flag for Combined ozone profile
O3UvConvergence Retrieved UV ozone Convergence
O3UvL2gpPrecision Retrieved UV ozone uncertainty [th
O3UvL2gpValue Retrieved UV ozone vertical profile [fh
O3UvQuality Retrieved UV ozone Quality flag
O3UvSatus Retrieved UV ozone. Number of iterations
O3VisConvergence Retrieved Chappuis ozone Convergence
O3VisL2gpPrecision Retrieved Chappuis ozone uncertainty’[m
O3VisL2gpValue Retrieved Chappuis ozone vertical profile Jm
0O3VisQuality RetrievedChappuis ozone Quality flag
O3VisStatus Retrieved Chappuis ozone. Number of iteratio
O3VmrCombinedL2gpPrecision Ozone Volume Mixing Ratio uncertainty
O3VmrCombinedL2gpValue Ozone Volume Mixing Ratio

O3VmrCombinedQuality Ozone Volume Mixing Rati Quality flag

HT_AerosolBottom Retrieved TH bottom for aerosol [km]

HT _AerosolTop Retrieved TH top for aerosol [km]

HT HugginsBottom

Retrieved bottom height for Huggins Ozone [k

HT _HugginsTop

Retrieved top height for Huggins Ozone [km

HT _ChappuisBottom

Retrieved bottom height. Chappuis Ozone[km]

HT _ChappuisTop

Retrieved top height for Chappuis Ozone [Kr

HT_AerosolBottom

Retrieved TH bottom for aerosol [km]

PmcL2gpValue

PMC Tangent Height [km]

PmcStatus

Flag for PMC presare
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PscL2gpValue

PSC Tangent Height [km]

PscStatus

Flag for PSC presence

aerosolExtinctionConvergence

Retrieved aerosol extinction Convergence

aerosolExtinctionL2gpPrecision

Retrieved aerosol extinction uncertainty [Kn

aerosolExtinctionL2gpVale

Retrieved aerosol extinction profile [k

aerosolExtinctionQuality

Retrieved aerosol extinction Quality flag

aerosolExtinctionStatus

Retrieved aerosol extinction.Number of iteratig

aerosolSizeAngstromCoeff

Retrieved aerosol size dist Angstrooetficient

aerosolSizeRmean

Retrieved aerosol size distribution Rmean

aerosolSizeSigma

Retrieved aerosol size distribution Sigma

aerosolSizeMomentStatus

Size dist moment: (1)Angstrom, (2) microphys

cloudHeightThick

Retrieved Thick Cloud top [kKn

cloudHeightThin

Retrieved Thin Cloud top [km]

cloudHeightQuality

Retrieved Cloud top. Quality flag

sfcReflL2gpPrecision Retrieved albedo standard deviation
sfcReflL2gpValue Retrieved albedo

sfcReflQuality Retrieved albedo Quality flag
stratBL2gpPrecision Integrated strat total column O3 uncertainty [D
stratO3L2gpValue Integrated total column ozone / stratosphere |1

stratO3Quality

Integrated total column strat ozone Quality flag

Geolocation Fields

Date Calendar date

Latitude Tangentpoint latitude (TH=20km)
LineOfSightAngle Line-of-Sight direction wrt due North [°]
LocalSolarTime Local solar time at tangent point
Longitude Tangent point longitude (TH=20km)
OrbitGeodeticAngle Orbit geodetic angle [°]

SingleScatterAngleAt20kirH

Single scattering angle at 20km TH [°]

SolarAzimuthAngleAt10kmTH

Solar azimuth angle at 10 km TH [°]

SolarAzimuthAngleAt20kmTH

Solar azimuth angle at 20 km TH [°]

SolarAzimuthAngleAt40kmTH

Solar azimuth angle at 30 km TH [°]

SolarAzimuthAngleAtOkmTH

Solar azimuth angle at 40 km TH [°]

SolarZenithAngleAt10kmTH

Solar zenith angle at 10 km TH [°]

SolarZenithAngleAt20kmTH

Solar zenith angle at 20 km TH [°]

SolarZenithAngleAt40kmTH

Solar zenith angle at 30 km TH [°]

SolarZenithAngleAt60kmTH

Solar zenith angle at 40 km TH [°]

SpacecraftAltitude Spacecraft altitude [km]
SpacecraftLatitude Spacecratt latitude [°]
SpacecraftLongitude Spacecraft longitude [°]

TerrainAltitude Terrain altitude at point tangent point [km]
Time UTC time

Ad

ditional

A_prioriAerosolModellD

A-priori aerosol vertical extinction profile datas

A_prioriAerosolModelimgRefindex

Assumed aerosol refractive index. Imaginary
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A_prioriAerosolModelLNSimga

A-priori aerosol size distribution variance

A_prioriAerosolModelMeanRadius

A-priori aerosol size distribution mean radius

A_prioriAerosolModelRealRefind

Assumed aerosol refractive index. Real part

A_prioriAerosolSTDDEV

A-priori aerosol uncertainty [kij

A_prioriAlbedo

A-priori albedo of the Nchannel channels useg

A_prioriO3STDDEV

A-priori 0zone uncertainty [A]

A_priori_grid Height grid on which goriori is defined
A_priori_O3 A-priori ozone vertical profile [f]
A_priori_aerosol A-priori agosol extinction vertical profile [kif]
Auroral Flag for presence/absence of aurora

D1 O3 UV Vertical profile of Residuals in O3 retrieval UV
D1 O3 Vis Vertical profile of Residuals in O3 retrieval Vis
D1 aerosol Vertical profile of Residuals ineosol retrieval
Eclipse Flag for presence of lunar/solar eclipse

InitialAtmosphereHscale

Vertical grid to define initial atmosphere [km]

InitialAtmosphereDensity

Initial atmosphere neutral density [1/m3]

InitialAtmospheeOzone

Initial atmosphere ozone density [1/m3]

InitialAtmosphereNO?2

Initial atmosphere N@density [1/m3]

InitialAtmosphereTemperature

Initial atmosphere temperature [K]

InitialAtmosphereAerosolWavelengt

Wavelengths atwhc h aer osol e

InitialAtmosphereAerosol

Initial atmosphere aerosol extinction [1/km]

InitialAtmospherePressure

Initial atmosphere pressure [Pa]

InversionVersionNumber

EDR version number

LunarDistToSlitBoresight

Distance of Moon wirt slit boresight [arcminutey

NO2 NO, number density vertical profile
NO2model NO, source: HALOE (SR/SS), model
Nchannel Number of channels used in selection table

NormalizationHeightsUsed

Normalization TH of the Nchannel channeted

OrbitNumber

Orbhit number

Pressure

Atmospheric pressure vertical profile [Pa]

ReconstructRadianceResiduals

Vertical profiles of radiance residuals
[W/m2/nm/ster]

RetrievalAltGrid Retrieval height grid [km]

RsasOffset Retrieved Tangent Heighegistration offset [km]|
RsasOffsetSTDDEV Retrieved RSAS TH offset uncertainty [km]
SouthAtlanticAnomaly Flag for South Atlantic Anomaly

Spec Channel purpose each Nchannel channels
StarInSlit Flag for presence of stars within FOV
THMinMax Retrieval minimum and maximum TH [km]

TH_Retrieval bottom

TH bottom for each Nchannel channls [km]

TH_ Retrieval top

TH top for each Nchannel channels [km]

Temperature Atmospheric temperature vertical profile [K]
TropopauseHeight Tropopause geometri@lght [km]
NCEPOzoneDensity NCEP ozone density at event geolocatioff[m
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